The average molecular weight and molecular weight distribution of polyhydroxybutyrate can be affected by different bacterial strains, different cultivation time and also different carbon sources. Food waste was proven to have a high potential in the induction of biosynthesis of polyhydroxybutyrate with different production yields and physical properties. A specific culture of Alcaligenes latus DSM 1124 and Staphylococcus epidermidis, which was isolated from sesame oil, were selected to ferment several types of food wastes as nutrients, including malt waste, soy waste, confectionery waste, milk waste, vinegar waste and sesame oil, into polyhydroxybutyrate in this study. Average molecular weight and molecular weight distribution of polyhydroxybutyrate were measured by gel permeation chromatography. By comparing the results with those obtained using sucrose as a carbon source, the average molecular weight of polyhydroxybutyrate produced from food wastes was increased for Alcaligenes latus; however, it was decreased for S. epidermidis. Thermal analyses of the biopolymer produced by S. epidermidis indicated that the melting point of the polymer produced from sesame oil as carbon source was 188°C, the highest temperature among those polymers produced by using ice cream, malt, and soya wastes.
Introduction
Interest in biodegradable plastics has grown over the years for several reasons. Microbially synthesized polyesters, polyhydroxyalkanoates (PHAs), which are accumulated as carbon and energy storage compounds in numerous microorganisms under unbalanced growth conditions have attracted much more attention among the various biodegradable plastics available, not only because of their biodegradability and biocompatibility, but also since they have properties similar to the conventional plastics polypropylene or polyethylene for a wide range of possible applications in agriculture, marine, medicine and industries [1] [2] [3] . Amongst all the PHAs, polyhydroxybutyrate (PHB) is by far the most commonly encountered in nature.
Apart from biodegradability, several other characteristics such as mechanical properties and processing properties have to be considered for applications. Most of the useful mechanical properties of polymers depend on their molecular weights [4, 5] . Nearly all the properties of a polymer change with its degree of polymerization (DP). Knowledge of molecular weight and molecular weight distribution is necessary for predicting the physical and processing characteristics of any polymer.
Alcaligenes latus is proven to be able to utilize at least 67 different organic compounds and also several types of food wastes as carbon and energy sources for growth and to accumulate up to 70% of its dry cell weight as PHB from using brewery malt waste as nutrient [6, 7] . Staphylococcus epidermidis, isolated from sesame oil, is a bacterial strain capable of producing a highly polymerized compound with a high molecular weight, which is over 1 000 000 as determined by the viscosity [8] . According to previous studies, the viscosity-average molecular weight (M ν ) of the polymer produced by Staphylococcus epidermidis was about 10-fold greater than that of the polymer produced by Alcaligenes latus [8] . The high molecular weight of polymers is responsible for many of the properties that make polymers valuable as a class of materials [9, 10] . For these reasons, Alcaligenes latus and Staphylococcus epidermidis were chosen for this study.
Materials and methods

Microorganisms
Alcaligenes latus DSM 1124 was obtained from the Dept. of Biological Science and Biotechnology, Tsinghua University, Beijing. The strain Staphylococcus epidermidis was isolated from sesame oil samples of the local sesame oil production plant.
Food waste treatment
Dry milled malt and semi-solid soy wastes were digested with 0.5 M HCl at 105°C for 2 h, and then centrifuged. Afterwards, the centrifuged filtrate was neutralized with NaOH. Liquid ice cream and confectionery wastes were boiled for an hour to solubilize the undissolved solid first, and then centrifuged, followed by filtration. The clarified liquid was then brought to pH 7.0 with solid NaOH. Milk waste, vinegar waste and sesame oil were used without any pre-treatment. Before inoculation, the food waste media except milk waste were autoclaved at 121°C for 20 min.
Fermentation
Cell culture and polymer accumulation were carried out in two different types of fermentation apparatus. One was done in Erlenmeyer flasks in an orbital shaker (Forma Scientific Model 4518 Table Top Incubator Orbital Shaker). The other was performed in a computer-controlled bioengineering fermentor (Bioengineering, Switzerland). Fermentation conditions were chosen depending on the demands of different bacterial strains.
Polymer extraction and purification
The harvested cells were centrifuged, washed twice with deionized H 2 O, and washed with a small volume of acetone. The polymer was isolated from lyophilized cells by Soxhlet extraction in chloroform according to the method of Cromwick et al. [11] . Then the polymers were precipitated by slowly adding methanol. Afterwards, extracted polymer was redissolved in chloroform and purified by reprecipitation with hexane several times.
Polymer composition identification
Gas chromatography
Esterification solution containing 97% (v/v) methanol and 3% (v/v) sulfuric acid was added to the biopolymer samples for the esterification process. Then, polymer analysis was performed on a Hewlett Packard 5890A gas chromatograph using a 25 m Ultra 2 (crosslinked 5% Ph. Me. Silicone) capillary column with 0.33 µm thick film. 1 µl of sample was injected according to a method described by Jan et al. [12] . 1 
H and 13 C NMR
The identity of the individual monomer units was confirmed by proton and carbon nuclear magnetic resonance. 1 H and 13 C NMR spectra were recorded at room temperature in CDCl 3 on a Bruker Model AVANCE DPX 400 spectrometer (400 MHz for 1 H; 101 MHz for 13 C) in the pulse Fourier transform (FT) mode. Tetramethylsilane was used as an internal reference [13] .
Molecular weight measurements
The apparent weight-average (M w ) and number-average (M n ) molecular weights and the polydispersity index (PI = M w /M n ) were determined by gel permeation chromatography (GPC) using a Waters model 510 solvent pump, equipped with a Waters differential refractive index detector model 410 (USA), and a JORDI GPC 10000A 5U column, 500 mm x 10 mm (Alltech, USA) with an Eppendorf CH-460 column heater and TC-45 temperature controller. Data were collected and tabulated using MAXIMA 820 GPC analysis software (Waters Chromatography). Polystyrene standards (JORDI polystyrene standards kit for organic GPC) with low polydispersity were used to generate a calibration curve. Chloroform (HPLC grade) was used as the eluent at 1 ml/min -1 [14] .
Results
Tab. 1 shows weight-average (M w ) and number-average (M n ) molecular weights and the polydispersity of PHB produced by Alcaligenes latus DSM 1124 from using different food wastes. The results show that PHB produced from using milk and malt wastes gave the highest M w and M n , 564 000 (± 700) and 431 000 (± 1 700), 529 000 (± 2 200) and 418 000 (± 5 100), respectively. Among the types of food wastes used as nutrients, M w and M n of PHB produced from using a synthetic sucrose medium as a carbon source were very low, only 131 000 (± 900) and 46 000 (±1 600), respectively. Comparing M w and M n of PHB produced from food wastes with a synthetic sucrose medium as nutrients, we found that M w of PHB produced from food wastes was about 2 to 4 times higher than that of PHB produced from a synthetic sucrose medium, and M n of PHB produced from food wastes was also 4 to 9 times higher than that of PHB produced from a synthetic sucrose medium. M w and M n of PHB produced from food wastes with a shaking-flask culture were higher than those of PHB produced from food wastes with a fermentor culture, where sucrose was added as the second stage feeding substrate into the food waste based medium. M w of PHB produced from food wastes with a fermentor culture was only 30 000 -60 000 higher than that of PHB produced from a synthetic sucrose medium.
Tab. 2 shows weight-average (M w ), number-average (M n ) molecular weights and the polydispersity of PHB produced by Staphylococcus epidermidis from using different food wastes as nutrients. S. epidermidis is a bacterial strain capable of producing a highly polymerized compound with a high molecular weight, which is over 1 million, as introduced in a previous study. M w and M n of PHB produced from a synthetic sucrose medium were 1 232 000 (± 11 000) g/mol and 989 000 (± 3 000), respectively. The results show that using milk waste as nutrient gave a slightly higher molecular weight of PHB, where M w and M n were 1 283 000 (± 12 000) and 972 000 (± 12 000), respectively.
M w and M n of PHB produced using malt wastes as nutrients were 995 000 (± 3 400) and 837 000 (± 2 800), respectively. M w and M n of PHB produced using soy wastes as nutrients were only 654 000 (± 2 700) and 413 000 (± 1 000), respectively. The effect of the concentration of substrates on the molecular weight of PHB produced by Staphylococcus epidermidis was also studied. From the results, we can see that M w was increased as the initial concentration of the confectionery wastes increased, however, polymer polydispersity was decreased as the initial concentration of confectionery wastes increased.
Thermal analyses of the biopolymer produced by S. epidermidis indicated that the melting point T m of the polymer produced from sesame oil as carbon source was 187.9°C, the highest temperature among those polymers produced by using icecream, malt, and soya wastes as shown in Tab. 3. Fig. 1 and Fig. 2 show graphs of the molecular weight distribution of PHB produced by Alcaligenes latus DSM 1124 and Staphylococcus epidermidis, respectively, from using different food wastes as nutrients.
Discussion
Food wastes, including food-processing wastes, out-of-date and denatured food, and decayed food retain many useful nutrients. The potential production of biodegradable plastics, polyhydroxyalkanoates, from food waste or agricultural waste has been recently reported [7, 15] . In our previous study, for the polymer PHB, the production yield by Alcaligenes latus DSM 1124 could reach up to 70% polymer/cell (g/g) and 32 g/L cell dry weight when using malt waste as nutrient. Other results also revealed that higher cell mass and higher polymer content could be obtained when using food waste as nutrient. The attractiveness of this proposed concept is the convenient conversion of wastes into useful products to reduce the costs of bioplastics. In addition to being a good substrate for cell growth and to promote greater PHB yields, a more amazing thing is to see if there is any effect of different food wastes on the physical properties of these polymers. Molecular weight of polymers is believed to be the most important factor affecting these properties. We found, as reported by Cox (1994) , that the mechanical properties of PHB decrease significantly below M w ≈ 400 000 and that the material is quite brittle below M w = 200 000. soy waste shaking-flask 1 PHB 654 000 ± 2 700 413 000 ± 1 000 1.584 ± 0.0062 milk waste shaking-flask 1 PHB 1 283 000 ± 6 100 972 000 ± 6 200 1.319 ± 0.0104 confectionery waste (2.5%) shaking -flask 1 PHB 934 000 ± 4 900 434 000 ± 1 400 2.152 ± 0.0076 confectionery waste (5.0%) shaking -flask 1 PHB 1 000 000 ± 3 500 583 000 ± 1 800 1.714 ± 0.0075 confectionery waste (7.5%) shaking-flask 1 PHB 1 010 000 ± 600 648 000 ± 4 800 1.558 ± 0.0121 sesame oil + sucrose fermentor 1 PHB 809 000 ± 1 100 451 000 ± 1 100 1.792 ± 0.0210 malt waste + sucrose fermentor 1 PHB 622 000 ± 1 900 332 000 ± 3 100 1.873 ± 0.0117 soy waste + sucrose fermentor 1 PHB 401 000 ± 9 400 304 000 ± 7 400 1.319 ± 0.0072 a) 1: Extraction with chloroform. Data are means ± SD. The results from Tabs. 1 and 2 show that the effects of using different food wastes as nutrients on the molecular weight of PHB produced by Alcaligenes latus and Staphylococcus epidermidis are very different. Using food wastes as nutrients could raise the molecular weight of PHB by Alcaligenes latus, but might decrease it by Staphylococcus epidermidis. Moreover, from Tab. 1 we can conclude that the production of PHB using any kind of food wastes as nutrients by Alcaligenes latus DSM 1124 could raise remarkably M w and M n of PHB to a different extent. However, both the results of M w and M n of PHB produced by Alcaligenes latus and Staphylococcus epidermidis from food wastes with a shaking-flask culture were higher than those of PHB produced from food wastes with a fermentor culture, when sucrose was added to be the second stage feeding substrate into the food waste based medium. In addition, we also compared M w and M n of PHB extracted with two different extraction methods. M w was 30 000 and M n 40 000 smaller when using the extraction method, in which sodium hypochlorite was added to the solution.
From Tab. 2, the marked effect of carbon source and concentration on the M w of PHB produced by Staphylococcus epidermidis was studied. To explain the dependence of M w of PHB produced by P. extorquens on the concentration of methanol, Suzuki et al. [16] have suggested that the extracellular concentration of the carbon source influences the intracellular concentration of 3-hydroxybutyryl coenzyme A, but no data to support this hypothesis was presented in their study.
The molecular weight distribution of a polymer provides fundamental information about the polymer and correlates with a variety of commonly used characterization parameters, such as tensile strength, modulus of elasticity, melt viscosity, brittleness, resistance to environmental stress cracking etc. None of the above parameters provides as much information about the physical and processing characteristics of a polymer as does the molecular weight distribution. It is possible for two polymers to have the same tensile strength and melt viscosity, but entirely different flow or mechanical strength properties -differences often caused by variations in molecular weight distributions. The polydispersity index M w /M n was used as an indicator of the width of the molecular weight distribution of a polymer. Comparison of the graphs (Figs. 1 and 2 ) of molecular weight distribution not only shows that they markedly vary in shape when using different food wastes as nutrients, but also that they differ obviously by different bacterial strains. It is important to stress that subtle differences in the shape or location of the molecular weight distribution curves may result in substantial differences in the physical or processing characteristics of the polymer. Furthermore, polymer characterization by molecular weight distribution can be used as a research tool in the development of new products.
According to different demands of industry production and applications, production of PHB with adequate molecular weight and molecular weight distribution could be easily achieved when choosing the right bacterial strain and right food wastes as carbon sources. As well as monitoring own products, molecular weight distribution allows to characterize competitive formulations.
